Based on the recently solved three-dimensional structure of pterin-4a-carbinolamine dehydratase from rat/human liver the involvement of the proposed active-site residues Glu57, Asp60, His61, His62, Tyr69, His79, Arg87 and Asp88 was examined by site-directed mutagenesis. Most of the mutants showed reduced activity, and only the Glu57-Ala mutant and the His6l+Ala, His62-Ala double mutant were fully devoid of activity. The dissociation constants of quinonoid 6,6-dimethyl-7,8-dihydropterin were significantly increased for binding to the Glu57+Ala, His61-Ala, His62-+Ala single mutants and the His61-Ala, His62-+Ala double mutant, confirming that His61 and His62 are essential for substrate binding and catalysis. The mechanism of dehydration is proposed to involve base catalysis at the N(5)-H group of the substrate by His61.
Pterin-4a-carbinolamine dehydratase/HNF-la-dimerization cofactor is a most unusual protein with an apparent dual function : the catalytic conversion of pterin-4a-carbinolamine to quinonoid dihydropterin (Scheme 1) (Kaufman, 1970; Lazarus et al., 1983) , and a still not well defined role in the activation of the transcription factor hepatocyte nuclear factor-1 a (HNF-1 a) (Mendel et al., 1991a,b; Hansen and Crabtree, 1993) . The recombinant human PCD, which is identical with the one from rat, has been expressed and purified (Koster et al., 1995a ,b: Ficner et al., 1995a . The biochemical characterization of wildtype PCD and of a genetically defective mutant pre$ent in humans was reported by us (Koster et al., 1995a, b) , and later confirmed by Kaufman's group (Johnen et al., 1995) . The occurrence of a homologue of human wild-type PCD in Pseudornonus aeruginosn has been reported (Zhao et al., 1994) .
Recently, the crystal structure of PCD has been solved independently by Ficner et al. (1995b) and Endrizzi et al. (1995) . The protein is a tetramer of identical subunits comprising two saddle-like shaped dimers similar in the overall form to the TATA-box binding protein (Nikolov et al., 1992) . One important, still open, question is the location of the active site at which dehydration occurq. Both groups reporting on the three-dimensional structure have put forward educated guesses about the possible location of the active site (Endrizzi et al., 1995 : Ficner et al., 1995b . The proposed pterin-binding site is located close to the dimer interface in a cleft between loops connecting helix Correspondence ro S. Ghisla, Fakultat Biologie, Universitit Kon-E-mail: Sandro. Ghisla@uni-konstanz.de Abbrrvicrtions. HNF-la, hepatocyte nuclear factor-la; PCD, pterin4a-carhinolamine dehydratase; H,biopterin; (6R)-5,6,7,8-tetrahydrobiopterin: 6.6-Me2H,pterin; 6,6-dirnethyl-7,8-dihydropterin; 4a-OHHzpterin; 7,8-dihydropterin-4a-carhinolamine.
Enzymes. Dihydropteridine reductase (EC 1.6.99.7) ; L-phenylalanine hydroxylase, L-phenylalanine, tetrahydr0pterin:oxygen oxidoreductase (EC 1.14.16.1); pterin-4a-carbinolamine dehydratase (EC 4.2.1.-); catalase (EC 1.11.1.6).
stanz, Postfach SS60-M644, D-78434 Konstanz, Germany a-2 with P-strand 3 and strand 4 with helix a-3 (Fig. 1 A) . It is lined by a number of conserved residues including His61, His62, Pr063, His79 (numbering scheme according to Hauer et al., 1993) , some charged residues (Glu57, Asp88, Arg87) and a tyrosine (Tyr69) contributed from the neighboring subunit ( Fig. 1 A,B) . Based on this, we have set out to verify these proposals by systematically exchanging the candidate functional residues with expectedly inert ones. The mutant proteins have been purified to homogeneity and their catalytic properties have been determined. Based on the results obtained from these approaches, the location of the tentative active center is confirmed and a catalytic mechanism is proposed. publ. in: European Journal of Biochemistry 241 (1996), 3, pp. 858-864 Konstanzer Structure of the rat/ human PCD dimer (monomers A and B are coloured green and purple, respectively). The side chains of the active site residues of monomer A which were mutated in this study are shown. (B) Docking of the (S)-4a-OH-H2biopterin molecule in the active site. His61 and His62, which are in hydrogen bond contact with Asp88 and Glu57, respectively, might act as a general base deprotonating either N(5) or N(8). His79 or a water molecule might act as general acid(s) protonating the OH group leaving position 4a. (C) Docking mode of (R)-4a-0H-H2biopterin. The three histidines can act similarly as described for (B). The docking was achieved using the program LIGIN (Sobolev et al., 1996) and the best fitting of the several possible substrate conformers of ( S ) and (R)-4a-OH-H2biopterin are shown. The figures were generated using the SETOR program (Evans, 1993). benzamidine-agarose were purchased from Sigma, catalase and NADH from Boehringer Mannheim, tetrahydrobiopterin (H,biopterin) from Schircks Laboratory, phenyl-Sepharose and Q-Sepharose from Pharmacia, NiZ+-nitriloacetic-acid-agarose from Quiagen, thrombin from Novagen. Phenylalanine hydroxylase was purified from rat liver (Shiman et al., 1979) , recombinant phenylalanine hydroxylase in the form of a fusion protein with maltose binding protein was a gift from Prof. Flatmark (Bergen, Norway).
MATERIALS AND METHODS

Enzymes
Synthesis of pterins. The 6-methyl-and 6-propyl-7,8-dihydropterin-4a-carbinolamine (Qmethyl-and 6-propyl-4a-OH-H,pterin) were prepared according to the method of Bailey et al. (1992) with slight modifications (Koster et al., 1995a) .
Instrumentation. Ultraviolethisible spectra were recorded either with a Uvikon 810 or -930 spectrophotometer (Kontron). Fluorescence emission and excitation spectra were recorded with a fluorimeter from . The fits of primary kinetic traces were obtained with program A (Dr D. Ballou, University of Michigan, Ann Arbor). Kinetic constants were calculated using the program KaleidaGraph and appropriate algorithms.
Enzyme coupled assay. Dehydratase activity was measured using a modification of the assay procedure described by Citron et al. (1992) . The reaction was performed in 0.1 M Tris/HCl pH 8.4 at 25 "C, containing 20 pg catalase, 0.5 U dihydropteridine reductase, 0.2 nmol phenylalanine hydroxylase (from rat liver or recombinant), 1 pmol L-phenylalanine, 2.9 nmol H,biopterin, and 100nmol NADH in 1.0ml. The consumption of NADH was followed at 340 nm as was described by Kaufman (1979) . Phenylalanine hydroxylase from rat liver and the recombinant form show the same specific activity and gave identical acceleration factors with all PCDs. The activity of PCD is expressed as the rate of acceleration of NADH consumption (AA,,, .,,,) compared to the same rate measured in the absence of PCD. Acceleration factors were determined up to a saturating PCD concentration (maxm 1.5 pM).
Assay with 4a-OH-HZpterin. Freshly prepared 4a-OH-H,pterin in concentrations up to 140 pM was rapidly added to the sample cuvette which contained PCD (0.1 -1 pM). The ensuing reaction was followed spectrophotometrically at 245 nm. All assays were performed in 1 ml 10 mM Tris/HCl pH 8.5 at 10°C unless specified otherwise. The rates obtained for the enzyme-catalyzed assays were corrected for the spontaneous dehydration of the 4a-OH-H,pterin, both pterins (6-methyl and 6-propyl) having a rate of ~0 . 0 0 2 s-' in 10 mM Tris/HCl pH 8.5 at 10°C.
For pH-dependencies the assay solution contained 0.1 M KCl and the pH was adjusted with HCl. pK values were deter-mined by fitting the data points with an equation for two pK values.
Estimation of binding constants. The method for the determination of binding constants was described earlier for several pterins that bind to PCD (Koster et al., 1995a) . Quinonoid 6, pterin) is the one which binds best to human wild-type PCD with a Kd of 0.9 pM.
Construction of expression vectors.
Mutants were produced by standard PCR techniques, cloned in a plasmid derived from pET9d (Studier et al., 1990) between an engineered NcoI cloning site after the coding sequence for a His, tag and a thrombin cleavage site (MKHHHHHHPMSGLVPRGSAM) and KpnI at the 3' end of the polylinker.
Protein purification. Protein was expressed in BL21 (DE3) by inducing the cells at A,,,,,,, = 1 with 0.2 mM isopropyl p-Dthiogalactopyranoside. After 2 h at 37 "C, bacteria were harveqted and frozen in liquid nitrogen. Cells were lysed with buffer A (20 mM Tris/HCI pH 8.0, 10 mM imidazole, 200 mM NaCl, 2 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride) plus 0.2 % Nonidet P-40 and 200 pg/g cells lysozyme. Viscosity was reduced by brief sonication and debris removed by centrifugation at 10000 g for 20 min. The supernatant was applied to a Ni" -nitriloacetic-acid-agarose column in a batch and washed twice with lysis buffer. The Ni' ' -agarose was then packed onto a poly-prep column (BioRad) and washed with buffer A first, then with buffer A containing 1 M NaCI, and finally with buffer A containing 40 mM imidazol without phenylmethylsulfonyl fluoride. The protein was eluted with two column volumes of 20 mM Tris/HCI pH 8.0, 200 mM imidazol and 1 mM 2-mercaptoethanol. Recombinant protein was digested with thrombin and the reaction stopped by adding p-amino-benzamidine-agarose. After removing uncleaved contaminating His,-tagged protein by adding a small volume of Ni'+-nitriloacetic acid column material, the flow through was loaded on Q-Sepharose equilibrated in a buffer containing 20 mM NaC1, 20 mM Tris/HCl pH 7.5, and 2 mM dithiothreitol; stepwise-elution with the same buffer containing 250 mM NaCl followed.
RESULTS
Expression and purification of human wild-type PCD and the mutant forms. The previously reported overexpression and purification of recombinant PCD (Ficner et al., 1995a; Koster et al., 1995a,b) was further improved by introducing a N-terminal His, tag including a thrombin cleavage site. All mutants were equally well expressed and capable of purification, with the exception of the Asp88-Asn mutant of PCD which formed inclusion bodies even at low-temperature induction. The His,-tagged human wild-type PCD and the soluble mutant forms were all expressed and purified to homogeneity essentially by a single column step using Ni'+-chelate chromatography. 50 mg pure functional protein/l Escherichia coli culture were obtained upon cleavage of the fusion peptide with thrombin and rechromatograPhY.
Catalytic properties of human wild-type PCD and its mutants. The enzyme activity was measured primarily using the so-called direct assay in which the dehydration of the 4a-OH-H,pterin to the quinonoid dihydro form is monitored directly (Koster et al., 1995a) . The observed activity of recombinant human wild-type PCD with 6-methyl-4a-OH-H2pterin is =2.5-fold higher than that reported by Rebrin et al. (1995) for human PCD, the corresponding K,,, however, is -1O-fold higher (Table 1) . A second assay, which is based on the reactions shown in Scheme 1 and relies on H,biopterin, was also used (Citron et al., 1992) .
While the latter assay is more demanding in its execution, we found a satisfactory agreement between both systems as shown by the correspondence of the data listed in Table 1 .
The most prominent residues in the proposed active site are the three histidine residues His61, His62, and His79 ( Fig. 1 A,  B) . The His79jAla and His794Ser mutants of PCD exhibit ~4 0 % the activity of human wild-type PCD, while the His61+Ala and His624Ala mutants of PCD are reduced to =I0 % activity using the direct assay. The exchange of both His in the double mutant His61-+Ala, His624Ala of PCD leads to complete loss of activity. His61 and His62 are in hydrogen bond contact with Asp88 and Glu57, respectively. Mutation of Glu57 to yield the Glu57-Ala mutant of PCD produces the only single mutant without activity, while the Asp%-Asn mutation caused an insoluble form of the protein.
Other charged residues in the pocket are Asp60 and Arg87 ( Fig. 1 B, C) . Their conversion into uncharged residues (Ala) reduces the activity to ~3 0 % in the case of Asp60, while it has no effect for the second one. The proposed active site (Fig. 1 A) also contains Tyr69, a residue belonging to a neighboring subunit of the homotetramer. Its mutation lowers the activity to 2 4 0 % and =20 % for the Tyr69+Phe and Tyr69-Thr mutants of PCD, respectively. Interestingly, however, the K,, values are lower compared to those for human wild-type PCD (Table 1) . In general, it is noteworthy that most mutants have a K,, that ranges between 10-40 pM, which corresponds to that of human wild-type PCD. The only two mutants for which a significantly higher K,, is found are the His61-Ala and His62-Ala mutants of PCD. The data for the further mutants listed in Table 1 , Cys81-Ser and Cys81-Arg mutants of PCD, have been obtained earlier (Koster et al., 1995a,b) .
Spontaneous dehydration of 4a-OH-H2pterins. The exact mechanism of dehydration of these carbinolamines is not clear in its details. To understand the mode of PCD catalysis, however, this knowledge is important. Because of this, and in order to identify the roles of functional groups possibly involved, we have studied the pH dependence of the uncatalyzed dehydration in an extension of our previous work (Koster et al., 1995a) and of that by Bailey et al. (1993) using two analogs. Fig. 2 shows that 6-methyl and 6-propy1-4a-OH-H2pterin have a maximal stability around pH 8.5 in agreement with the results of Bailey et al. (1993) . However, our data, which include measurements below pH 7, cannot be fitted with an equation involving general catalysis as done previously by Bailey et al. (1993) , and by our group for 6,6-dimethyl-4a-OH-H2pterin . Instead an equation for pH dependence including two ionizable functions with pK values of =6.8 and =10.2 for 6-methyl-4a-OH-H,pterin was required for a satisfactory fit of the data, as shown in Fig. 2 . With 6-propyl-4a-OH-H2pterin similar behavior and pK values ~6 . 8
and -10.6 were found (Fig. 2) .
pH dependence of the enzyme-catalyzed dehydration. The PCD-catalyzed dehydration is pH dependent and, using direct assays performed as a function of [H'], pK values can be deduced from appropriate fits of the dependence of the activity. Surprisingly, with all the PCDs studied and using 6-methyl-4a-OH-H,pterin as substrate, a pK was found which deviates only in two cases, with the His62+Ala and the Tyr69-Thr mutants of PCD, from that of human wild-type PCD for which the pK is ~8 . 2 (Table 1 and Fig. 3 ). For the inactive PCD mutants Glu57 -+ A h and His(i1-Ala, His62+Ala the pK could obviously not be determined. With 6-propyl-4a-OH-H2pterin as substrate and human wild-type PCD, the pK is 7.8 (not shown). A striking point with these substrates is the absence of a pH-dependent increase of activity at pH>8.5 which was found with the 6,6- PCD and mutants and binding of quinonoid 6,6-dimethyl-7,8-dihydropterin to PCD . The parameters were obtained as detailed in Materials and Methods. pK values were estimated from plots of the activity at varying pH and in the presence of a constant electrolyte concentration of 0.1 M KC1. V,,, is expressed as the turnover number, i.e. nmol substrate dehydrated . (nmol enzyme subunit)-' . s I. Substrate in the direct assay is the chemically synthesized 6-methyl-4a-OH-H2pterin. Addition of excess quinonoid 6,6-MelH,pterin to 1.1 pM PCD in 0.1 M TrislHCl pH 8.4 leads to nearly complete quenching of the protein fluorescence emission (excitation at i = 280 nm, emission 2,,, 2334 nm). Kd values were determined by plotting the fluorescence against the pterin concentration; this yields monophasic saturation behavior in all cases. dimethyl-4a-OH-H2pterin . Enzyme-catalyzed dehydration rates have been corrected for the spontaneous decay characteristically found at each pH.
Binding of the quinonoid products. The product of the dehydration of the artificial substrate 6,6-dimethyl-4a-OH-H2pterin is quinonoid 6,6-Me,H,pterin. Since this is by far the best ligand we have found for human wild-type PCD with a Kd ~0 . 9 mM (Koster et al., 1995a), we have selected it for a systematic binding study with the various mutants. The interaction constants were determined by following the concentration dependence of the tryptophan fluorescence emission of PCD Koster et al., 1995a) ; the results are listed in Table 1 . For the evaluation of these experiments, fluorescence emission and The dehydration rates are corrected for the rate of spontaneous decay at the corresponding pH (Koster et al., 1995a) The curves are the best fit obtained using an equation for one ionization.
excitation data were followed at various wavelengths in order to assess the light-filtering effect of the ligand itself, both on the exciting light and on the emission. Under our experimental conditions and up to Kd values of 20-30 pM, data were judged to be reliable, whereas when higher concentrations of ligand had to be used for the determination, Kd values should be taken only as approximations.
DISCUSSION
Mechanism of 4a-OH-H2pterin dehydration. The elimination of H,O from carbinolamines, such as that of the polarized and hydrated double bond of 4a-OH-H2pterin shown in Scheme 2, is a process of which the basic aspects have been studied in detail Scheme 2. Mechanism of dehydration of 4a-OH-HZpterin to quinonoid 7,s-dihydropterin and possible roles of functional groups. B, and B, are functional groups in the active-site cavity which are capable of general acid and base catalysis. They could correspond to His79 and His61 or His62 in PCD. Note that the substrate has a pyramidal (sp') configuration at position 4a, and that the reaction proceeds through the quasi-planar transition state to the planar product. A formulation in which a single base such as a histidine has the functions of both B, and Bz in a cyclic transition state could also be envisaged (not shown).
pterin-4a-carbinolamine transition state quinonoid dihydropterin
by Sayer et al. (1973) . These authors have shown that in systems in which the molecule does not contain ionizable groups, general acidbase catalysis is operative and that elimination is induced by base attack on the N-H of the carbinolamine group, the transition state carrying considerable negative charge on the corresponding N. The dehydration of pterin-4a-carbinolamines is, however, clearly more complex as indicated by the pH dependencies reported earlier (Bailey et al., 1993; Koster et al., 1995a ) and the present results. Thus, at present, its exact mechanism is not known. As an adaptation of Sayer's mechanism, Bailey et al. (1993 Bailey et al. ( , 1995 suggest hydrogen ion and general acidbase catalysis combined with deprotonation at N(8)-H. The pH dependencies of the dehydrations depicted in Fig. 2 are compatible with general acidbase catalysis not being the major factor involved in dehydration, although it clearly might play an ancillary role. Instead the ionization of specific groups appears to be of primary importance. In agreement with the conclusions of Bailey et al. (1995) we attribute the pK values at = l o to deprotonation of N(8)-H.
The attribution of the (apparent) pK -6.8 on the acidic branch of the plot in Fig. 2 , which is deduced from the pH dependence of both 6-methyl and 6-propyl-4a-OH-H2pterin, decay is more difficult since direct spectroscopic studies cannot be carried out. Our aim to solve this problem by using models substituted at either N(5) or N(8) has not succeeded to date due to the instability of the expected products and to synthesis problems. Nevertheless, it can be assumed that the pK of -6.8 might result from the protonation of the conjugated N(8)H-C(8a) = N(1)-C(2) = N(3) system. This attribution could be analogous to that of Jeong and Gready (1994) , who, however, studied a N5-deazapterin system. Location of the active site. Since our attempts to identify the active site of PCD by co-crystallization with substrate or product analogs has failed so far, we have resorted to an indirect method. One remarkable point emerging from our previous studies (Koster et al., 1995a) , is the tight binding of the product quinonoid 6,6-Me2H,pterin compared to all other pterins studied.
Preliminary results of a simulated docking of 4a(R)-and 4a(S)-substrate molecules in the active site using the program LIGIN (Sobolev et al., 1996) have revealed several possible orientations (not shown). However, in most cases the dihydroxypropyl side chain of the pterin points from the binding pocket towards the solvent and in the direction of Asp60 and Tyr69 (Fig. 1 B, C) . From our inspection of the assumed catalytic cavity, a unique mode of binding of 4a(R)-OH or 4a(S)-OH cannot be deduced. From modelling studies, binding of substrate in two modes leading to interaction of both the 4a(R)-and the 4a(S)-OH groups to the same functions is possible. This is documented in Fig. 1 B, C. The properties of the PCD mutants clearly confirm the location of the active site in the cleft between the two loops connecting helix a-2 with b-strand 3 and strand 4 with helix a-3. The interaction of other enzymes with the pyrimidine moiety of pterins and folates is mediated by a carboxylate group of Asp or Glu residues as has been shown for dihydrofolate reductase (Bolin et al., 19821 , and 6-pyruvoyl-tetrahydropterin synthase (Biirgisser et al., 1995) . The active site of PCD is flanked by Asp60, Glu64 and Glu80, but all these residues are not conserved in the homologue PCD from Pseudomonas aeruginosa, which has comparable activity (Zhao et al., 1994) . This suggests that they are not essential for substrate binding and catalysis. Furthermore, in human wild-type PCD, Glu64 and Glu80 are involved in salt bridges with Arg30 and Arg87, respectively (Fig. IB, C) . The carboxylate of Asp60 is completely solvent-exposed but, as suggested by the simulated docking, this residue most likely interacts with the dihydroxypropyl side chain of the substrate.
Cys81 is not part of the active center but it is located in its vicinity and a mutation to Arg found in a patient (Citron et al., 1993) , might cause structural changes that could affect the position of the loop containing His79 and GIu80 (Ficner et al., 1995 h) ; this could affect the activity leading to the observed symptoms of hyperphenylalaninemia.
The three histidine residues His61, His62, and His79 are located in the center of the active site (Fig. 1 A) . Histidine residues have been shown to be involved in the catalytic mechanism of other dehydratases with known three-dimensional structure, the scytalone dehydratase (Lundqvist et al., 1994) and the b-hydroxydecanoyl thiol ester dehydrase (Leesong et al., 1996) . Each single mutation of His to Ala decreases the activity to 10-40 % of the wild-type protein, while the His61-+Ala, His62-Ala double mutant of PCD is completely devoid of activity (Table  1) . Glu57 forms a hydrogen bridge with His62; its exchange to Ala induces a complete loss of activity. His61 is in hydrogen bond distance with Asp88, the Asp88-Asn exchange leads to formation of an insoluble form of the protein suggesting a structural role of Asp88. The latter forms additional hydrogen bonds with the main-chain N-H of residues 77 and 82, and with the hydroxyl group of Thr78.
A direct catalytic role of Glu57 and Asp88 is unlikely since their carboxylate groups are too distant from the substrate cavity, and thus cannot come into contact with substrate ( Fig. 1 B, C) . Glu57 and Asp88 are involved in keeping His62 and His61 in the appropriate ionization and orientation. It is noteworthy that, with the Glu57-+Ala mutant of PCD, binding of the quinonoid product also is weak or absent indicating a loss of structural order i n the active site. Poor binding of this product is also induced by removing His62 or His61, although in these cases residual activity is observed (Table 1) . These findings are consistent with His62 or His61 acting as general base catalysts as shown in Scheme 2. Inspection of Fig. l B , C, shows that for both substrate stereoisomers His62 and His61 are sufficiently close to act as base catalysts, the first by attack on N(8)-H, the latter on N(5)-H. It is reasonable to assume that the residual -10 % activity of both single mutants of PCD, His62-Ala and His61+Ala, is due to one His being able to exert the function of the other by attack on either N(5)-H or N(8)-H. An important role of the histidine residues is also indicated by the pH profiles shown in Fig. 3 , the corresponding pK values being typically in the range of those of histidine imidazoles. It should be pointed out, however, that the results of Fig. 3 cannot prove a direct role of a histidine. In fact, the observed pK shifts could be attributed to a modification of the pK ==7 observed for the spontaneous dehydration of the carbinolamines (Fig. 2) induced by the environment at the active site. His79 is completely exposed to solvent, and does not appear to interact directly with neighboring functional groups ( Fig. IB, C ; Ficner et al., 1995b) . A direct involvement of a histidine is consistent with the absence of a pK on the alkaline side for the PCD-catalyzed reaction (Fig. 3) .
Mechanism of PCD catalysis. A catalytic mechanism consistent with the basic chemistry of carbinolamine dehydration (Sayer et al., 1973) and with the present knowledge of the PCD three-dimensional-structure can be formulated based on structures of Scheme 2. There B, and B, are functional groups with B, probably corresponding to, e.g., His62 or His61 and B, to His79, which would promote base and acid catalysis. B, could also represent a molecule of water which would be in contact either with His79 or with solvent; its role would be to neutralize the charge incipient on -OH by providing a H' . As a peculiar feature, PCD does not appear to discriminate between the 44s)-OH and the 4a(R)-OH stereoisomers of substrates. This point has been addressed specifically by Rebrin et al. (1995) ; our group has also never observed reaction profiles suggesting differences in R,S-selectivity using synthetic substrates which consist of a quantitatively undefined mixture of 4a(R)-and 4a(S)-OH-H,ptenn. Based on this, three alternatives have to be considered.
a) PCD has one specific set up of catalytic bases and the substrate binds in (at least) two different modes presenting either the S-or the R-face to the bases. This is what is suggested by the simulated docking shown in Fig. 1 B, C. b) Specific catalytic group(s) can interact with a function of the substrate such as N(8)-H, which is stereochemically common to the R-and S-forms. Or, the enzyme has catalytically equivalent groups at both sides of the active-center cavity, i.e. substrate binds in a unique mode, and the mentioned functional groups act from either side on it.
c) There is no necessity for specific bases, the active site provides an environment (dipoles, hydrophyliclhydrophobic regions, steric constraints) which promotes elimination, e.g. by supporting specific infrared vibrations. An active site favoring binding of planar quinonoid dihydropterins, as opposed to 4a-carbinolamines which have a tetrahedral center at position 4a (Scheme 2 ) and in which the pyrimidine and pyrazine rings form an angle, would also favor dehydration. Clearly a combination of the possibilities mentioned above is also conceivable, which, combined with a high flexibility of active-site residues and variability in the binding geometry of product, could have the same end effect.
In conclusion, our results identify residues of the active site which are suggested to be involved in the dehydratase activity of PCD (Fig. lB, C) . The mechanism which can be formulated using the functional groups present at the active site is consistent with a simple role of His61 and His62 as general base and His79 as general acid catalysts as formulated in Scheme 2.
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